A significant cost in the operating budget of most mining operations arises from purchasing and maintaining haulage trucks. Recently, in-pit crushing and conveying (IPCC) has been subject to research because of its potential to reduce haulage costs. The objective of this study is to identify early on in a project, by means of a decisionmaking method, whether or not the semi-mobile IPCC (SMIPCC) is an appropriate alternative to the conventional truck haulage method on the loading and hauling approaches. This method is based on cost analysis and the evaluation of environmental impacts, being successfully tested at an existing open-pit mine, where the results indicated that the IPCC was the most cost-effective option for the operation. Although the IPCC's initial CAPEX was 60% higher than the conventional approach, the IPCC's OPEX was 43% lower, resulting in a 28% reduction of the life-of-mine net present cost (NPC).
Introduction
One of the challenges while evaluating the early stages of open pit mining projects is to determine which of the alternatives for material transportation and which location for the primary crusher should be consid-REM: Int. Eng. J., Ouro Preto, 72(2) , 285-291, apr. jun. | 2019 ered for further detailed studies and scenario selection. A parallel study between the alternative of the conventional truck haulage with the primary crusher located outside of the pit and the in-pit crushing and conveying alternative can be a long, expensive process. Mining companies with portfolios that contain many open pit projects usually face issues in evaluating the benefits of an IPCC implementation due to the massive workload and time necessary for completion. Properly evaluating these alternatives is important since the haulage costs in open pit mines can be 60% or more of the mine's operating cost (Ribeiro 2013) . IPCC systems are now receiving more attention due to the rising cost of the truck haulage cycles, which can be attributed to the cost of diesel and spare parts, leading to the IPCC being the favourable option. In contrast, the IPCC is considered a lowcost alternative in terms of operating costs due to its continuous operation regime, reduced labour, and lower energy consumption, but it requires a high capital cost, and has reduced flexibility (Londoño et al. 2014) .
There have been studies carried out in the past proposing the use of SMIPCC systems as an alternative to conventional trucking and regular IPCC systems, where the crusher is fully mobile and only a conveyor is used for haulage. A SMIPCC can exploit the advantages of both systems, conventional trucking and fully mobile IPCC, but it is important to ensure that the in-pit crusher is at an appropriate distance from the work front and that its location will be suitable for at least one year of operation before it needs to be moved (Rahmanpour et al. 2014) . SMIPCC systems are considered flexible and adaptable because of the continuous use of trucks and being able to install a crusher in a suitable location (Nehring et al. 2018 ). In the majority of studies that compare IPCC with truck based haulage systems using conveyors, results in large operational savings due to a more efficient energy and capital allocation.
Although the IPCC concept is not new, as it was introduced in the 1950's in Germany (Ritter et al. 2014) , companies are still concerned with the implementation of such an alternative due to the high risk involved. Another issue is that it is not as simple as choosing a particular haulage system; one also needs to know how to adapt it to the mine plan to ensure a reduction in the overall mining costs. Therefore, the uniqueness of a project poses a contractual constraint, as no pre-made off-the-shelf options are available (Dean et al. 2015) .
Furthermore, from an environmental licensing process standpoint, the method used for decision-making can be a relevant tool to be used before going through the preliminary environmental licensing process, so that the SMIPCC alternative can be considered to demonstrate a reduction on the environmental impacts.
To get a better understanding of the IPCC alternative, a new method is proposed that aims to estimate the technical, economic, and environmental benefits of the semi-mobile IPCC alternative from an early project stage.
The proposed approach has been tested using data from the initial design studies FEL-1 (PMI 2013 ) of an open-pit copper-gold mine located in Brazil.
Materials and methods
The method was designed as a model that uses the data available from the early stages of the evaluation of mining projects, usually from the scoping studies, as its input parameters. The model analyzes both the conventional trucking and the SMIPCC scenarios. In order to properly estimate the truck requirements, production capacities, and costs, the following should be calculated: truck payload, engine powering and propulsion, cycle time estimations, and production rates (Hustrulid et al. 2013) .
The input data can be classified into the following groups:
• Material: the material itself, in situ density, and swell factor
• Truck Size: to be chosen from a payload of either 100, 150, 200, or 250 short tonnes
• Operating: average haulage distance (flat, uphill, and downhill), rolling resistance, grade, speed limit, typical fixed times for spotting, dumping, and waiting, primary crushing P80 and design safety factor, working hours, hourly efficiency, conveyor's average speed, length, and elevation
• Production: throughput, and life-of-mine • Economic: operating costs, discount rate, and exchange rate (if applicable)
The input models considered for the evaluation of the conventional trucking and the SMIPCC scenarios remain unchanged, with the exception of:
• Operating: Haulage distance (flat, uphill, and downhill) considering the location of the semi-mobile in-pit crusher, the conveyor average speed, length, and elevation
• Economic: capital and operating costs, considering the capital and operating costs resulting from the implementation of the conveyor, reduction of the haulage fleet, and relocation of the semi-mobile in-pit crusher
It is important to highlight the three assumptions used in this model:
(1) The mine's throughput and, consequently, the life of mine for the conventional and SMIPCC scenarios remain the same, given that only the haulage fleet and the conveyor's input must be changed from one scenario to the other.
(2) The truck payload (referred to below as the truck size) is an input parameter instead of a calculated one and is then used to select the loading equipment. This method is the reverse of the conventional fleet selection method. The payload relates to known off-road truck models that cover most mine operation cases.
(3) Since both alternatives use the same number of excavators, the excavator CAPEX and OPEX were not included in the economic analysis and calculations because their costs will be equal.
The model continues the analysis as follows:
(1) Truck and auxiliary equipment fleet dimensioning (2) Conveyor dimensioning (3) Economic Analysis (4) Environmental Impact Analysis The method proposed in the article aims to be a tool to help in deciding on the best type of transport alternative to be used. It includes important topics such as the transportation scenario for the open pit mine, a comparison between the conventional model and the SMIPCC, and the economic feasibility and sustainability of each scenario. The conveyor's characteristics, such as the width, the power of the required motor, and the data to calculate the SMIPCC installation costs, are selected based on the material characteristics and operating parameters, such as the P80 for the primary crusher, and the mine production data (Osmetti et al. 2012; Bertinshaw et al. 2012) (Figure 2 ). Also in Figure   2 , refer to Osmetti et al., (2012) , and Bertinshaw et al., (2012) , for three of the input parameter nodes, [3] , in order to determine the conveyor dimensioning. The economic analysis of the mine for the two alternatives is performed considering these inputs. All the costs are included in this analysis and are separated into capital expenditure (CAPEX) and operating expenditure (OPEX) throughout the life of the mine (LOM). The costs are brought to the present value based on the discount rate(s) selected, resulting in the net present value of the cost (NPC) (Figure 3) .
Using the discount rate when evaluating mining projects serves the same purpose as it does when evaluating projects in other fields: it considers the time value of money and the project risk (Ataee-Pour et al. 2009 ). Since each project involves a different set of risks, the discount rates analyzed in each one will be different. Product standards for nodes [4] are used for the input parameters. These standards were based on the truck cost, freight cost, and the import tax associated to it. In addition to the discount rate and the LOM, the total OPEX for the conveyor [5] also considers relocating the in-pit crusher and the cost of the conveyor's electricity consumption.
The truck fleet size is determined by evaluating the model that is based on the mine's production capacity and operating parameters, specifically, the average haulage distance (AHD). These two factors are very important as they hold a great weight in the decision to use the IPCC system (Nehring et al. 2018) . By selecting the truck size (model) from one of the four options, the number of trucks is calculated, as well as the number of bulldozers and motor graders required (Figure 1) . It is worth mentioning that, because the transportation model considered in this study is a SMIPCC, it is still necessary to use trucks to move the material from the mining face to the in-pit crusher, where it will then be crushed and loaded onto the conveyors (McCarthy 2011; Mohammadi et al. 2011 ). Therefore, only the AHD from the mining face to the in-pit crusher is considered in the SMIPCC sizing, whereas the entire route is considered for the conventional model. In Figure 1 , the AHD node indicated by [1] is subject to change based on the material transport alternative selected. The output nodes, indicated by [2], can be determined by using a rule of thumb based on the required truck units of one bulldozer for every 20 trucks and one motor grader for every 15 trucks, with a minimum of one unit in both cases. 
Results
Data from a Brazilian coppergold mine was used for this analysis. This study was implemented for a FEL-1 based on the Project Management Body of Knowledge (PMI 2013 ). This decision-making process can be applied to any open pit mining project, as long as the specifications for each project are incorporated.
The life of mine was set as 20 years with an annual production of 16 million tons using 150-short ton trucks (Table  1) . The AHD for the two alternatives was 1.6km. In the case of the SMIPCC scenario, the trucks travel 0.5km from the mining face to the in-pit crusher (IPC), and then for the next 1.1km, the material is transported by the conveyor to the transfer chute. In the conventional scenario, the trucks travel the entire 1.6km along the ramp that closely follows the conveyor's profile, to a crusher that would be located near the indicated transfer chute in Figure 5 . Table 2 Model Input Parameters for the study case. The cost values for the mine were obtained by complementing the above data from the previous two tables with the initial data from the mine (Table  4) . A noticeable difference in the initial CAPEX (before year 3) is that the SMIPCC installation is approximately 60% higher than the conventional scenario. This is due to the high installation cost of the crusher and conveyor belt.
However, the sustaining CAPEX (after year 3) for the conventional alternative is more than two times greater than that of the SMIPCC, due to the need for fleet replacement. Furthermore, when considering the OPEX, for the conventional case without including the discount rate, it is about 43% greater than that of the SMIPCC because of high maintenance costs, tires, fuel, and labour. Table 4 Economic results.
The net present cost (NPC) is an important factor for a project. In this study, five different discount rates were taken into account, which expanded the possible number of scenarios. The considered discount rates were 0.0%, 2.5%, 5.0%, 7.5%, and 10.0%. The values obtained from using a discount rate of 5% are presented above (Table 4) . Table 4 shows that the NPC for the conventional alternative is about 50 million dollars more expensive than using the semi-mobile IPCC. When considering the total cost per ton (CAPEX & OPEX), the SMIPCC has a value of almost 34% lower than that of the conventional alternative (Table 5) . Table 5 Cost per ton.
The results of the environmental analysis were also very insightful. During the LOM, when opting for only using trucks, the carbon monoxide emissions are more than double that of the SMIPCC alternative. The additional emissions are due to the high number of trucks required for the conventional trucking compared to the SMIPCC. For the examined mine, eight trucks are needed for the strictly trucking alternative, whereas when using the SMIPCC, only three trucks are needed. Therefore, the results also corroborate that the IPCC alternatives are also a means of reducing carbon emissions (McCarthy 2011; Cooper and Turnbull 2009 Table 6 Environmental analysis.
Discussion
The expected result of the decisionmaking method presented was to conclude on which alternative should be selected while considering the proposed parameters, the OPEX, the CAPEX, the NPC, and the environmental analysis. Achieving this result was successful. The evaluation method allowed for a broader view of the importance of such variables in the decision-making process. In the discussed case, the SMIPCC alternative resulted in a lower sustaining CAPEX and OPEX, as well as a lower cost per tonne as compared to the conventional alternative. There were also environmental benefits from using the SMIPCC system: the amount of carbon monoxide, non-methane hydrocarbons, nitrogen oxides, and other particulate matter was reduced. The economic, operational, and production data of the initial study were compared for both transportation systems (conventional and SMIPCC), which exposed the pros and cons of each one and allowed the company to improve data interpretation so they could make an informed decision on whether or not to continue to the next project phase. In the case of the studied mine, the SMIPCC was the more viable method considering the net present value and the lower costs and gas emissions. Even though the production is not extremely high, nor is the AHD very long, there was still a noticeable difference in costs.
Conclusion
The method presented is meant to be used for a conceptual study level (FEL-1). By using the proposed decision-making method, it is possible to identify the projects that have the potential for SMIPCC implementation without necessarily spending a large amount of time, which can be expensive and wasteful. Therefore, it enables mining companies to shift their focus to the alternatives that continue to show potential for further in depth studies. In general, IPCC installation is an attractive option due to its lower sustaining CAPEX and OPEX. After evaluating the decision-making model for the specific case treated, the sustaining CAPEX is approximately halved, and the OPEX is 34% lower. However, due to the high initial cost of installing the SMIPCC, which in this case is seen to be 60% higher, installation is only feasible when there is a long mine life. In addition, if the mine has a small AHD and/or low production, the IPCC is not very appealing because the initial
